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Abstract 
In this paper, bifurcation analysis is performed on a two-level twelve-pulse voltage source converter (VSC) based STATCOM to 
study the impact of dc capacitor on stabilty of the system. STATCOM is modeled in D-Q frame with the reactive current 
controller. The non-linear feedback controller is designed to control the bifurcation of the STATCOM in the inductive region to 
eliminate the Hopf bifurcations and limiting point cycles. The results obtained using bifurcation analysis is validated by eigen 
value analysis and transient simulations. 
© 2015 The Authors.Published by Elsevier Ltd. 
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1. Introduction 
    Application of FACTS is increased due to the recent advances in the power electronics and transmission system. 
So the system operation becomes adjustable along with the fast and reliable control[1].They are mainly used to 
control the power flow,improve voltage regulation, and to enchance power transfer capability[2]. These controllers 
provide series as well as shunt compensations. The STATCOM is a 2nd generation FACTS device. It is now playing 
a major role in renewable energy system for various applications. By controlling the reactive current injected, active 
power flow through the line can be controlled. So it has only one degree of freedom. There is no room for real power 
exchange with ac system due to the absence of energy support on the dc side. 
The converter of the STATCOM and the system bus are connected by a small reactance, which represents 
coupling transformer’s leakage reactance. The reactive power drawn or absorbed by it is varied by changing the 
magnitude of converter output voltage. It has ability to supply required amount of dynamic VARs during system 
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disturbances and faults. The output voltages contain harmonics. Harmonics are reduced by increasing the pulse 
numbers[3].Midpoint of the transmission line is the better location to connect it. 
The major advantages of STATCOM over the FC-TCR are:  
 • Reduction in size by the use of smaller number of passive elements of smaller size.  
 • Even at low values of bus voltage, it has an ability to supply required amount of reactive current.  
 • It is Inherently modular as well as relocatable.  
 • It can be used with the real power sources like battery, fuel cells. 
 STATCOM is configured as 2-level, 12-pulse VSC. The phase angle of the converter output voltage relative to 
the supply voltage is regulated by the PI controller(known as type-II controller) to regulate the reactive current 
output of STATCOM. This type of reactive current controller can destabilize the system in reactive mode of 
operation. It is avoided by a nonlinear feedback controller suggested by Schauder and Mehta [4]. In [5,6] , the 
converter operation is modeled using switching functions to develop three phase model of STATCOM. 
Bifurcation is used to exhibit a qualitative change in the features of a system, such as the number and types of 
solution upon a small variation in the parameters of a system. A controller based on the speed deviation damping 
signal is proposed for STATCOM in [7]. this will eliminate bifurcation presented in multimachine system.The 
bifurcation theorem was used by Zhu et al[8] to demonstrate the existence of a Hopf bifurcation in a single machine 
infinite busbar  power system, in which the dynamics of the damper windings and the AVR are neglected. A 3-node 
system with STATCOM effectively delay the occurrence of unstable hopf bifurcation. Bifurcation control ability of 
STATCOM is more superior than that of SVC is shown by Sheng et.al[9]. A sliding mode controller is also proposed 
for STATCOM to delay the occurence of dynamic bifurcations in [10]. 
Appearance or the disappearance of a periodic orbit through a local change in the stability properties of a steady 
point is known as Hopf bifurcation. A Hopf bifurcation occurs only when the complex conjugate eigen values have 
only imaginary part because of the variation in the system parameters while the other eigen values must have 
negative real parts . The Hopf bifurcation is the bridge to make connection between equilibrium and the periodic 
motion. Hopf bifurcation act as the opening from the small area of equilibrium to the big area of periodic solutions, 
which in turn is just a small part of the domain of functions [11]. 
In this paper, modeling of the STATCOM is done using MATLAB/SIMULINK. Bifurcation analysis is employed 
to study the structural stability of the system.  
 
Nomenclature 
FACTS                Flexible Alternating Current Transmission Systems 
STATCOM Static Synchronous Compensator 
VSC  Voltage Source Converter 
Rs, Xs  Leakage resistance and reactance of the transformer 
bc, Rp  Susceptance and resistance of the capacitor  
ჯb  Base frequency 
vsa, vsb, vsc Bus phase voltages with respect to neutral 
visa, visb, visc Converter output phase voltages with respect to neutral 
ݒ ݏܦ݅ ,ݒ ܳݏ݅ Converter output phase voltages in D-Q frame 
ݒ ݏܦ ,ݒ ܳݏ  Bus phase voltages in D-Q frame 
Vdc                       Dc voltage across the capacitor 
isa, isb, isc           Three phase currents  
isD, isQ  Currents in D-Q frame 
θs, α                      Phase of the bus voltage and firing angle 
iR  Reactive current 
idc  DC current 
k  Modulation index of 12 pulse transformer equal to ʹξ͸ ɎΤ  
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2. Mathematical Modeling of STATCOM 
The VSC based 2-level STATCOM schematic and equivalent circuit are shown in Fig. 1 and Fig.2 respectively.      
Here a 2-level 12 pulse configuration of the STATCOM is modeled. The basic assumptions made are:  
• The devices are considered to be ideal switches (lossless). 
  
•180 ° switching is used. So only one switch in a bus ON at any time in a phase leg of the inverter.  
• Normally a small time gap is given to avoid both switches of a leg being ON at the same time. 
• The capacitor is assumed as of infinite (very large) size to keep DC side voltage constant. 
 
                            Fig.  1.  Schematic diagram of STATCOM.            Fig. 2 Equivalent circuit of STATCOM 





















൅ ݅݀ܿ ൨ ሺͶሻ 
Kron’s transformation[6] is used to make D-Q model of the STATCOM from three phase model. It is a matrix to 
transform 3-phase ac quantities to 2-phase dc quantities. Therefore the differential equations describing STATCOM 
















݅ݏܦ ൅ ൫ݒݏܳ െ ݒݏܳ݅ ൯൨ ሺ͸ሻ 









ݒ݀ܿ ቇ ሺ͹ሻ 
ݒݏܦ݅ ൌ ݇ݒ݀ܿ ݏ݅݊ሺߠݏ ൅ ߙሻ ሺͺሻ 
ݒݏܳ݅ ൌ ݇ݒ݀ܿ ܿ݋ݏሺߠݏ ൅ ߙሻ ሺͻሻ 
The converter output voltage leads phase voltage by an angleD .Since ideal switches are used, losses in the switches 
are neglected. 
ݒ݀ܿ ݅݀ܿ ൅ ݒݏܦ݅ ݅ݏܦ ൅ ݒݏܳ݅ ݅ݏܳ ൅ ݒͲ݅Ͳ ൌ ͲሺͳͲሻ 
Solving the above equation we get 
݅݀ܿ ൌ െൣ݇݅ݏܦ ݏ݅݊ሺߠݏ ൅ ߙሻ൅ ݇݅ݏܳ ܿ݋ݏሺߠݏ ൅ ߙሻ൧ሺͳͳሻ 
Reactive current is described as 
ܴ݅ ൌ െ݅ݏܦ ܿ݋ݏ ߠݏ ൅ ݅ݏܳ ݏ݅݊ ߠݏ ሺͳʹሻ 
Value of iR has positive values if the STATCOM is absorbing real and reactive power. 
3. Reactive current controller 
The main control loop for a STATCOM is the reactive current loop. Closed loop control is necessary as the 
reactive current depends not only on the control parameters (k andα). When the PWM techniques are to be avoided 
in the interest of reducing switching losses,only firing angle α is varied as shown in Fig. 3(a). The phase angle of 
converter output voltage is adjusted to control the reactive current. Here k is kept constant and depends upon type of 
the switching pattern  used.  
                  
(a)                                                                                      (b) 
Fig. 3(a) Reactive current controller; (b) Reactive current controller with non-linear feedback controller [3]. 
STATCOM has oscillatory instability due to a small phase margin near the system resonant frequency in the 
inductive mode of operation if a PI controller is used [4]. So it becomes unstable when the inductive mode of 
operation is required. So the system shows the presence of Hopf bifurcation. Therefore a Nonlinear feedback is used 
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in addition with the PI controller as shown in Fig.3(b). It results in increase of damping in the inductive region. The 
non-linear controller is active only whenܴ݅݋ ൐ ሺ߱ܥ ݇Τ ሻݒ݀ܿ . 
4. Hopf Bifurcation 
Hopf bifurcation is the meeting point of branches of fixed points and periodic solutions. Hence, a Hopf bifurcation 
is classified as a dynamic bifurcation.The differential equations of the non-linear model are linearized and the eigen 
values are calculated to detect Hopf bifurcation as succeptance bc is varied. 
4.1 Hopf Bifurcation Theorem: Mathematically,  the following system  is considered, 
݀ݔ
݀ݐ ൌ ܨሺݔǡ ߤሻሺͳ͵ሻ 
When a scalar control parameter µ is varied, a Hopf bifurcation of an equilibrium solution of a system is said to 
occur at µ=µo if the following conditions are satisfied: 
1. F(xo ;µ)=0. 
2. The system matrix has a pair of purely imaginary eigen values Zjr while all of its other eigen values have 
negative real parts at (xo;µ0). 
3.  Forߤ ൌ ߤ݋ , let the analytical continuation of the pair imaginary eigenvalues be ZO jrˆ  Then  ݀ߣ݀ߤ ് Ͳat 
ߤ ൌ ߤ݋ . This condition implies a transversal or nonzero speed crossing of the imaginary axis and hence is 
called the transversality condition. 
5. Results and discussions 
5.1 STATCOM analysis with PI controller. 
 Table1 shows the data of STATCOM on a base of 300 MVA and 400 kV. Here bus voltage is kept constant by 
neglecting the dynamics in transmission network. Controller is tuned, so that the overall system has a damping ratio 
of 15% and α=0.5ᵒadequate for settling time. 
Table 1.  Parameter va lues of STATCOM  
Parameter                    value (p.u) Parameter Value(p.u) 
Vs 1 Xs 0.15 
fs50 RP 78.7 
Rs                                 0.01  





Table 2.  Eigen values of STATCOM with PI control ler  
Mode of Operation    Eigen Values  
Capacitive Operation -100 -68.3±1191.6i -693.8 -9.8 
Inductive Operation   -100 10.8±1283.2i -644.6 -9.8 
 
Table 2 shows eigen values for both capacitive and inductive mode of operation for kp =.33 and ki =3.33. There 
is a pair of complex conjugate poles with positive real parts which indicates instability in the inductive region. The 
transient response of STATCOM when a pulse change in reacive current reference applied at 0.4s is shown in  Fig. 
4(a). The STATCOM phase current leads bus phase voltage in capacitive region(< 0.4s) and lags in inductive 
region(from 0.4s to 0.6s)as shown in Fig. 4(b). 
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           (b) 
Fig.  4 ( a)  Reactive current;( b)  STATCOM bus voltage and phase current. 
5.2. Bifurcation analysis with variation in susceptance bc. 
The capacitor connected to the DC side of the VSC is modeled as a parallel combination of the susceptance bc and 
conductance g. Ripples in the dc voltage are reduced by decrease in the susceptance (bc).Considering 
isD=1p.u,isQ=0p.u, vdc=0.7p.u,α=0.5°and θs =0°as initial values, the steady state of the system are obtained. The 
steady state values are isD=1p.u,isQ=0.01377p.u,vdc=0.545p.uand α=0.009335 radians. This is done by applying 
Newton Raphson method on Eqn( 5) –Eqn (7) and Eqn (13).  
Table 3. Eigen values and Lyapunov coefficient of  STATCOM with PI controller at Hopf points for variation. 
    Eigen Values  First Lyapunov coefficient 
bc=0.048935 p.u. -100 ±5723i -701.5 -9.83 2.01627 
bc=1.8375538 p.u   -100 ±991i -621.5 -9.85 2.374865 
The variation of real part of complex eigen values when bifurcation parameter bc is varied is noted. There are two 
values of bc for which system has complex conjugate poles crossing imaginary axis with zero real part (Table.3) 
while all the other eigen values have negative real parts. So at bc = 0.048935 p.u and bc=1.8375538 p.u, the system 
exhibits Hopf bifurcation. Since the First Lyapunov coefficient is positive for both the HP1 and HP2, they are 
subcritical (Table 3). 





















Fig. 6.3D bifurcation diagram around bc= 1.8375p.u. 
Also the unstable periodic orbits encircles over stable equilibrium for value of bc less than0.048935 p.u ,Hopf 
branch point) as shown in Fig. 5. First limit point cycle has occurred at bc=0.048934 p.u.The normal form of 
coefficient was 758.58(>0).  So there exist unstable limit point cycle. Phase trajectory of isD vs isQ is drawn for bc = 
0.048934 p.u. These limit cycles encircles around operating point at faster rate. Reactive current is tracking the 
reference reactive current by adjusting the firing angle around 0.53o. FFT analysis of iR  exhibits presence of limit 
cycles of frequency 910 Hz(=5723/2π). Limit point cycle is found at bc =1.837554 p.u. The normal form of 
coefficient is 517.2(>0). So it is unstable limiting point cycle. Unstable periodic orbits encircles the stable 
equilibrium for bc greater than 1.837558 p.u (Hopf branch point). 
Phase trajectory of isDvs isQ is drawn for bc =1.83754 p.u. These limit cycles encircles around operating point 
slowly compared to the limit cycles at bc =0.048934p.u.iR has a limit cycles of period of 6.339ms at bc=1.837554 p.u. 
FFT analysis of iR exhibits presence of limit cycles of frequency 157Hz(=991/2π). Fig. 6 represents the 3D 
bifurcation diagram around bc=1.837554 p.u. 
5.3. PI controller with non-linear state-variable feedback. 
There is no complex eigen values with zero real part for the variation in the bifurcation parameter bc  as shown in 
Fig. 7(a). This indicates that there are no Hopf  bifurcation. Step response of the system is much improved compared 
to the system without non-linear feedback controller. Transient simulation for the step change in reactive current is 
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observed in Fig. 7(b).Transition from capacitive mode to inductive mode is faster and reached in 0.15s. The Eigen 
values of the system with PI controller and non-linear feedback controller are given in Table 4. 
 















Fig. 7(a) Real part of complex eigen values against bc variation ; (b) Step response of STATCOM with non-linear feedback controller. 
Table 4.  Eigen values of STATCOM with non -linear feedback controller.  
Mode of Operation    Eigen Values  
Capacitive Operation -100 -68.3±1191.6i -693.8 -9.8 
Inductive Operation   -1015.6 -79.1±1161.9i -68.9 -10.3 
6. Conclusion 
In this paper, a two-level twelve pulse STATCOM which is modeled in D-Q domain is implemented using 
MATLAB/SIMULINK. Analysis of STATCOM is done using bifurcation theory which shows the presence of 
subcritical Hopf bifurcation when the STATCOM is operating in the inductive mode with PI controller. These 
bifurcations are eliminated by using a non-linear feedback controller. The results obtained by bifurcation theory are 
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